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Microstructure of heteroepltaxial SUCoSi2 /Si formed by Co implantation into 
(100) and (111) Si 

c. w. T. Bulle-Lieuwma, A. H. van Ommen, and L. J. van IJzendoorn 
Philips Research Laboratories. P. 0. Box 80 000. 5600 JA Eindhoven, The Netherlands 

(Received 20 May 1988; accepted for publication 1 November 1988) 

HeteroepitaxiaI SilCoSiz/Si structures have been synthesized by high-dose implantation of Co 
into (l00) and (Ill) Si at an energy of 170 keY and subsequent annealing. In the as
implanted state the implanted Co is found to be present as CoSi2 • For a dose of 2 X 1017 Col 
cm2

, the Co is present in the form of epitaxial precipitates, which exhibit both the aligned (A
type) CoSiz and twinned (B-type) orientation. For a higher dose of 3 X 1017 Co/cm2

, a 
monocrystalline epitaxial CoSi2 layer near the top of the implanted Co distribution is formed 
during the implantation. The heteroepitaxial structures that are formed in this way are fully 
aligned. In contrast, when these structures are formed by sequential surface deposition 
techniques, twinning occurs at every Si/CoSiz interface. The formation of the aligned 
orientation of the buried CoSi2 layer can be attributed to the larger stability of aligned 
precipitates as compared to twin-oriented precipitates. 

Heteroepitaxial structures consisting of SilCoSi2/Si 
have received much interest due to their potential applica
tion as metal and permeable base transistors.] High-dose im
plantation of Co followed by subsequent annealing is a new 
and promising technique by which these structures can be 
formed. White et af. 2 have demonstrated that single crystal
line buried CoSi2 layers can be formed by this technique in 
both (100) and (111) 5i and have named it "mesotaxy." 
With surface growth methods like evaporation or molecular 
beam epitaxy (MBE), the formation of monocrystalIine 
CoSiz on (100) Si is very difficult due to the competition of 
different epitaxial orientations with good lattice matching. 3 

For growth on (111) Si, there is a strong predominance of 
the twinned (111) B-type orientation of CoSiz which is ro
tated through 1800 relative to the aligned (111) A-type ori
entation. 

We present results on both (100) and (Ill) Si wafers 
implanted with 170 keY Co+ ions, at an ion current density 
of 11 pA/cm2

, to doses of 2 X 1017 and 3 X 1017 Co + Icm2
• 

The as-implanted and the annealed wafers were studied. The 
retained doses were 10% lower, as was evidenced by Ruther
ford back scattering (RBS). The wafers were externally 
heated to a temperature of 400°C, but during the implanta
tion the temperature increased to about 450 °C due to ion 
beam heating, The substrate temperature was measured by a 
thermocouple in contact with the wafer. Subsequently, the 
specimens were annealed for 30 min in a N2/H2 ambient at a 
temperature of 1000°C. Specimens have been studied in 
cross section by transmission electron microscopy (Philips 
EM 400T), high-resolution electron microscopy (Philips 
EM 430ST), x-ray diffraction (XRD), and Rutherford 
backscattering spectrometry (using 2 MeV He-+ ions). A 
depth resolution of about 10 nm was achieved in the RBS 
experiments by selecting an angle of 60° between the incident 
beam and the sample normal. 

In all cases, XRD measurements on as-implanted wa
fers reveal peaks due to CoSi2 with the same orientation as 
the Si substrate, as will be discussed in more detail else
where.4 RBS and transmission electron microscopy (TEM) 
show that a continuous CoSi2 layer is formed during the 

implantation, only for the highest dose (3x 1017,Co/cm2). 
Figure 1 shows cobalt concentration profiles after im

plantation of2><1Ol7 Co/cm2 in (100) Si and after subse
quent annealing. These profiles were determined from the 
RES spectra, using a computer program which corrects for 
composition variations taking into account the dependences 
of cross sections and stopping powers on the energy of the 
analyzing He +- ions.5 In the as-implanted sample, the Co 
concentration does not reach the level of Co in CoSi2 < This 
indicates that the concentration of Co is too low to form a 
continuous CoSi2 layer. Investigation of the as-implanted 
structure by cross-sectional TEM reveals that the implanted 
Co is present in the form of small CoSi2 precipitates, which 
are coherent with the Si lattice. In addition to precipitates 
with the same orientation as the substrate (A-type), precipi
tates which are twin related to the 8i matrix (B-type) are 
also observed for both (100) and (111) Si. Figure 2 shows 
precipitates in implanted (111) Si. It is particularly interest
ing to note the fiat, elongated form of the twinned precipi
tates, and the fact that they are bounded by {Ill} planes on 
the long sides. In some of the twinned precipitates moire 
fringes are observed due to overlap with the Si matrix. The 
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FIG. 1. Cobalt concentration profiles of the as-implanted and annealed 
sample for (100) Si. as obtained from glancing angle RBS spectra. The im
plantation dose is 2 X 1017 Co+ !cmz. 
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PI G. 2. Cross-sectional HREM image of aligned and twinned CoSi2 precip
itates in as-implanted (111) Si. The implantation dose is 2 X 10 17 Co' Icm 2

• 

aligned precipitates have a spheroidal shape with occasional
ly {lOO} and {Ill} facets. We observed that for both types of 
precipitates, their size increases towards the top of the Co 
concentration profile. 

At greater depth, implantation damage is produced in 
the form of defects on {113} Si planes (see Fig. 3). Bourret6 

has proposed that these defects are formed by precipitation 
of excess 5i interstitials in the form of a hexagonal silicon 
phase. An excess ofinterstitials is likely to be present during 
the implants, and in fact we have found similar defects below 
buried Si02 films synthesized by high-dose implantation of 
oxygen. 7 

Annealing oftne wafer results in the formation of single 
crystalline buried layers. This is also reftected in the Co con
centration profile in Fig. 1, which changes from a Gaussian 
to a box-shaped distribution with a maximum concentration 
equal to that of Co in CoSi2 • Cross-sectional TEM images of 
buried CoSi2 layers formed by implantation of 2 X 1017 Col 
cm2 into (100) Si and (111) Si and subsequent annealing 
are shown in Figs. 4 and 5, respectively. The insets in Figs. 4 
and 5 are high-resolution electron microscopy (HREM) im
ages of the CoSijSi interfaces. Annealing has resulted in the 
formation of a monocrystaHine buried CoSi2 layer, which 
has sharp interfaces with some small facets. The top and 
bottom interfaces have the same quality. 

FIG. 3. Cross-sectional HREM image of a {IB} defect produced by im
plantation. 
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FIG. 4. Cross-sectional TEM micrograph of a buried CoSi2 layer in 
(100) Siimpianted with2x 10'7 Co+ fern' and subsequently annealed. The 
insets are HREM images showing: the upper and lower interfaces. 

It is important to note that the silicide films are aligned 
with the substrate, and not twinned as is generaily observed 
when these heterostructures ale formed by sequential 
growth of CoSi2 and Si.s The formation of a silicide iayer 
with an aligned orientation is the more interesting since Fig. 
2 shows that twin-oriented precipitates are present after im
plantation. Furthermore, when a continuous CoSi2 layer is 
formed already during implantation, as is the case with the 
3 X 1017 Co/cm2 implants, these layers are also single crys
talline and not twinned. Nevertheless, twin-related precipi
tates are also observed below these layers. These observa
tions suggest the fonowing explanation of the formation of 
the aligned structures. 

We expect that during implantation both aligned (A
type) and twin-oriented (B-type) CoSi2 precipitates are nu
cleated. It has been argued3 that for surface-grown CoSiz on 
( 111) oriented Si, the strain energy caused by the lattice 
mismatch between CoSi2 and Si (flo! a is 1.2 % at room tem
perature) possibly leads to the nucleation of twin-oriented 
CoSi2 at interfacial steps. Similar arguments are valid for the 
nucleation of the twinned precipitates during implantation. 

FIG. 5. Cross-sectional TEM image of a buried CoSizlayer in (111) Si for 
an implantation dose of2X 1017 Co+ fern'. The insets are HREM images of 
the upper and lowe]' interfaces. Twinning can be seen to have occurred in 
the top 5i film. 
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Relaxation of misfit strain may also be the driving force for 
the formation of these precipitates. This is supported by the 
shape of the twin-oriented precipitates in Fig. 2, in which the 
long facets represent the {11l} twin planes. On the other 
hand, the degree of coherence is much lower for the other 
facets. It should be noted that this situation is typical for the 
implanted silicides having a three-dimensional silicide-sili
con interface, in contrast to surface-grown silicides where 
this interface is two dimensional. The aligned precipitates 
are completely coherent with the Si matrix having {lOO} and 
{ 11 I} facets. 

During implantation growth and shrinkage of both 
types of precipitates occur by a process in which larger pre
cipitates grow at the expense of smaller ones. The growth is 
limited by the diffusion of Co atoms. After implantation we 
observed at the edges of the Co implantation profile, where 
the Co concentration is low, precipitates with a minimum 
size of about 10 nm. After annealing (30 min at 1000 CC) we 
have found that these precipitates were completely dis
solved. This means that there must be a temperature-depen
dent size below which precipit.ates are expected to dissolve 
and precipitates larger than this value are expected to grow. 

The most likely explanation for the growth of the 
aligned structures is the favored growth of A-type precipi
tates. The coherent facets oftheA-type precipitates allow the 
precipitate to grow uniformly, resulting in the growth of 
spheroidal-shaped precipitates. By coalescence of aligned 
precipitates, aligned precipitates with larger dimensions are 
formed. For the B-type precipitates preferential growth on 
the disordered facets occurs, resulting in elongated platelet
shaped precipitates (see Fig. 2). There are four sets of 
twinned precipitates, each sct involving another {111} twin 
plane. When precipitates belonging to only one single sct 
intersect, they may coalesce and give larger grains. How
ever, when precipitates with different twin planes intersect, 
the growth of the precipitates is impeded, and during pro
longed annealing, dissolution of these precipitates may oc
cur in favor of the continuously growing aligned precipi
tates. Another possibility is the annihilation of B grains by 
transformation into A grains, when an A-type precipitate in
tersects a B-type precipitate. Summarizing above-mentioned 
arguments, aligned precipitates are more stable than the 
twinned precipitates and will therefore grow at the expense 
of the twinned ones. Prolonged annealing of the wafers re
sults in the formation of single crystalline layers of aligned 
orientation. 

It is worthwhile to note that for Si wafers implanted 
with Ni + ions we observed no twin-oriented NiSi2 precipi
tates in the as-implanted wafers, but only aligned ones. This 
can be attributed to the much smaner mismatch between 
NiSi2 and Si. 

TEM analyses of the microstructure after annealing 
further revealed the presence of threading dislocations ( 1081 
cm2

) below the silicide layers, whereas misfit dislocations 
are present at both interfaces. In ( 100) Si, the top S1 film also 
contains threading dislocations, but it is further monocrys-
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talline. For (111) Si., however,the micrographs in Fig. 5 
show that the top Si layer is heavily twinned. Probably this 
phenomenon is responsible for the difference we found4 in 
the RES channeling yield between the top silicon films of 
implanted (100) and (! 11) oriented material. Twin forma
tion is known to occur in (111) Si during elimination ofim
plantation damage.9 It is also known that growth of Si on 
(111) CoSi2 tends to result in twins which relieve the misfit 
strain.3 However, it should be noted that White et al., W using 
a lower implantation temperature, have fonned buried sili
cide layers in (111) Si without twinning of the top Si film, 
indicating that better quality layers can be obtained by opti
mizing the implantati.on conditions. 

Summarizing, microstructural analyses ofSi implanted 
with a high dose of Co at elevated temperature revealed that 
the implanted Co is present in the form of CoSi2 precipitates. 
These precipitates occur in both aligned and twinned orien
tations relative to the Si lattice. Implantation of3 X 1017 Col 
cm2 results in the formation of a buried epitaxial CoSi2 1ayer 
during the implantation. Annealing of wafers implanted 
with 2 >< 10 17 Co! cm 2 also results in the formation of a Sil 
CoSi2/Si heteroepitaxial structure. In both cases, the CoSi2 

layer has an aligned orientation relative to the Si lattice. This 
is unlike what has been observed thus far for CoSi2 films 
grown on Si by either reaction of deposited Co or molecular 
beam epitaxy, where CoSi2 is predominantly formed in a 
twinned orientation. The resulting structures exhibit sharp 
interfaces with some small steps and threading dislocations. 
At both interfaces, misfit dislocations have been distin
guished. It is argued that the preferential growth of aligned 
precipitates causes the formation of continuous epitaxial lay
en; with an aligned orientation. Concluding, this microstruc
tural study has dearly demonstrated the occurrence of some 
unique phenomena during synthesis of heteroepitaxiaI Si! 
CoSi2/Si structures by high-dose implantation of Co into Si. 
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